ABS7RACT Incubation of mouse neuroblastoma cells (clone N1E-115) with Mn2+ resulted in a rapid and transient increase in cyclic GMP formation. This effect appears to be due to an increase in calcium influx because it did not occur in the absence of extracellular calcium or in the presence of verapamil, a calcium transport inhibitor. In addition, Mn2+ inhibited muscarinic receptor-mediated cyclic GMP responses. The ability of Mn2+ to increase cyclic GMP levels was markedly diminished in cells desensitized to the effects of carbamoylcholine, suggesting that this desensitization involves inactivation of calcium entry.
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Activation of various types of receptors leads to increased cyclic GMP synthesis within certain cells. In nearly every system, this cyclic GMP response is dependent upon extracellular Ca2+ (1, 2) . A characteristic of receptor-mediated cyclic GMP synthesis is the rapid onset and the short duration of the response (2) . However, this time course is not characteristic of a receptormediated effect but of an effect dependent upon extracellular Ca2+; other agents that require Ca2+ to generate a cyclic GMP response do so with a similar time course. Both muscarinic and histamine H1 receptors of mouse neuroblastoma cells mediate cyclic GMP responses (3-7) which undergo rapid, largely specific desensitization (8, 9) . The time course for this desensitization is rapid enough to suggest that receptor inactivation is responsible for the decline in cyclic GMP synthesis. Because muscarinic receptors in mouse neuroblastoma N1E-115 cells are thought to be linked to specific calcium channels (10) , it is possible that cessation of cyclic GMP formation results from the inactivation of these channels. The pursuit of this latter hypothesis was made possible by our finding that Mn2+ transiently activated calcium channels of mouse neuroblastoma cells. We now report these findings and present evidence that specific desensitization of muscarinic and histamine H1 receptormediated cyclic GMP responses in cultured mouse neuroblastoma cells involves inactivation of calcium channels.
MATERIALS AND METHODS
Cell Culture Conditions. Mouse neuroblastoma clone NlE-115 cells were grown in 250 ml tissue culture flasks (75 cm2, Falcon, Cockeysville, MD) in 20 ml of Dulbecco's modified Eagle's medium (high glucose, no pyruvate; GIBCO) supplemented with 10% (vol/vol) newborn calf serum (GIBCO) (medium I). The cells were incubated at 37'C in an atmosphere consisting of 10% CO2 and 90% humidified air. Subculture was achieved by incubation of cells in modified Puck's D1 solution (11) (medium II) and resuspension in medium I (about 5 X 105 cells per flask were plated). On days 3 and 5 and every day thereafter, culture medium was replenished by adding 10 ml of fresh medium I to the flask and removing 10 ml of medium. The medium was changed 24 hr before the cells were harvested for assay.
Measurement of the Relative Changes in Cyclic GMP. Our assay for receptor-mediated cyclic GMP formation utilizing radioactively labeled precursors and intact cells, followed by chromatographical isolation of labeled cyclic GMP, was modified slightly from that described in detail elsewhere (7) . In brief, cells were harvested for assay by aspirating medium I and incubating for 5 min with medium II, followed by centrifugation (250 X g) for 90 sec at 5°C. (Fig. 1) . The magnitude of this increase varied with the experiment for unknown reasons. This effect was dependent on the concentration of Mn2+ with a concentration for 50% of maximum effect * To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C §1734 solely to indicate this fact. (EC5o) of about 0.1 mM (Fig. 2) . The time course for this effect of Mn2+ is similar to that of all agents that stimulate cyclic GMP formation by these cells in a calcium-dependent manner-for example, carbamoylcholine (3, 4, 6, 7), histamine (5, 9), high potassium (10, 12) , veratridine (10), and ouabain (12) . Slower onset and offset of cyclic GMP formation were seen for agents (e.g., sodium azide) that stimulate guanylate cyclase directly (unpublished data). Therefore, we tested the effects of altering the extracellular calcium concentration on the ability of Mn2+ to stimulate cyclic GMP formation. The cyclic GMP response to 1 mM Mn2+ progressively increased with increasing external Ca2+ concentration, the maxial response being attained at 6-8 mM Ca2+ (Fig. 3) . In the absence of Ca(2, Mn2+-induced cyclic GMP response was abolished. Thus, although Mn2+ is a good metal cofactor for guanylate cyclase of these cells (13) and of many others (14, 15) (18) . In addition, exposure of mouse neuroblastoma cells to 1 mM carbamoylcholine for up to 24 hr does not affect the activity of guanylate cyclase per mg of protein (unpublished data). These results suggest two hypotheses. The first is that this rapid, specific desensitization results from a change in an agonist binding site of the receptor. However, this hypothesis is difficult to test because of the low affinity of currently available agonists for these receptors. A second hypothesis is that this specific desensitization results from Results with desensitized cells were significantly different from those with control cells (P < 0.0025).
an inactivation of the calcium channels that may be the coupling mechanism between the receptor and guanylate cyclase (10) . We provide direct evidence for this latter hypothesis, which predicts that, with desensitization, the ability of Mn2+ to stimulate cyclic GMP formation would be reduced or abolished.
On the basis of the results presented in this paper we propose the following model. Carbamoylcholine or histamine open calcium channels of these cells momentarily, and closing of these channels results in a desensitized state (Fig. 6) . Calcium within the cells is then rapidly sequestered or extruded. This model could explain both the time course of cyclic GMP formation mediated by muscarinic and histamine H1 receptors of these cells and the specific, rapid loss of this response upon prolonged exposure to agonists. In general, inactivation of calcium entry appears to be common to many cells in which the influx of external calcium acts as a signaling device. Such a mechanism has been described for neuroblastoma cells (17) and for many other biological systems (19) (20) (21) (22) (23) (24) (25) (26) (27) (30) . However, carbamoylcholine does not cause an increase but, in fact, causes a decrease in cyclic AMP levels in clone N1E-115 cells (3). It is not known if these cells have cyclic GMP-or calcium-dependent protein kinases, but their involvement in the mechanism of desensitization is ruled out because desensitization of the muscarinic-(and histamine) responses still occurs in the absence of extracellular calcium, under which condition no cyclic GMP formation occurs (6) (7) (8) .
Another possible mechanism is the involvement of phosphatidylinositol turnover. Increased turnover of this compound occurs in response to stimulation of muscarinic and other receptors which control cell surface permeability to Ca2+ and mediate increases of cyclic GMP levels (for a review, see refs.
31 and 32). We do not know if stimulation of the muscarinic receptors in these cells mediates such a response, but it would be important to investigate this possibility because phosphatidylinositol may control both the opening and closing of the calcium gates in cell membranes (32, 33) . The most characteristic feature of the phosphatidylinositol response is its independence of calcium, a feature shared with desensitization of muscarinic and histamine receptor-mediated cyclic GMP formation (8, 33) . Whatever the mechanism is, the physiological importance of this inactivation of calcium entry may be as a safety device to prevent a cell from being overloaded with calcium, especially at high neurotransmitter concentrations.
To prove directly the validity of our hypothesis, we have attempted to measure receptor-mediated uptake of 45Ca. However, because of high background levels of radioactivity (possibly due to a large exchange of intracellular calcium stores with 45Ca), we have not seen any increase in 45Ca uptake with receptor stimulation (unpublished data).
